Lithium-sulfur batteries (LSBs) are one of the most promising energy storage candidates substituted for traditional Li-ion batteries due to their high energy density and natural abundance of sulfur. However, Li metal anode is prone to react with soluble polysulfide produced during the charge/discharge process, leading to the loss of active materials, corrosion of Li metal and fast cell capacity decay. Besides, Li metal anode is also confronted with Li dendrite growth related serious safety concerns. Here, a conformal thin layer of Sn is coated on Li metal surface, which could protect Li metal anode from the parasitic reactions, accommodate the huge volume change and suppress dendritic lithium growth. The symmetric cell using Li foil with Sn coating demonstrates excellent cycling performance with low voltage polarization and uniform, dense and dendrite-free electrodeposited Li metal. In addition, LSBs with Sn coated Li metal anode shows a high specific capacity (1423.7 mAh g À1 at 0.2 C), good rate performance and stable cycling performance with a high Coulombic efficiency of~99.5% for 500 cycles at 2 C. The superior electrochemical performances are mainly attributed to the Sn protective layer which could enable the fast Li þ transport at the electrode/electrolyte interface, the suppression of Li dendrite growth and the effective minimization of active sulfur loss. This work provides a novel approach and a significant step towards costeffective, large-scalable and long-cycling stable LSBs.
Introduction
Owing to the increasing demand of large scale energy storage systems for smart grid and electric vehicles in modern society, developing advanced lithium-ion batteries (LIBs) with high energy density is necessarily important. Li metal is regarded as the ideal anode material due to its high specific capacity of (~3860 mAh g À1 ), the lowest electrochemical potential for Li based electrochemistry (À3.040 V versus standard hydrogen electrode) and a very low density (0.534 g cm À3 ) [1, 2] . The whole energy density of the batteries could be enhanced substantially using Li metal anode. Particularly, Li-S batteries (LSBs) are regarded as one of the most promising energy storage systems due to their ultra-high energy density (~2600 Wh kg À1 ), low cost and natural abundance of sulfur [3] [4] [5] .
Despite many advantages, the poor cycling stability of Li-S batteries with fast capacity decay originated from the "shuttle effect" of polysulfide (Li 2 S n , 4 < n 8) between electrodes as well as the low electronic conductivity of sulfur blocked their largescale commercial application [6] . Moreover, the corrosion of Li metal occurring for the reaction of polysulfide (PS) with metallic Li to low-order polysulfide (Li 2 S n , 1 n 4) lead to the loss of active sulfur and the fast capacity decay of batteries. Many research works paid their attention to solving the issues at the cathode side by employing various carbon materials with high surface area to improve the electronic conductivity of sulfur and confine polysulfide by physical adsorption or chemical bonding [7] [8] [9] . And separator modification or interlayers are also employed to block polysulfide shuttling [10] [11] [12] . However, it should be noted that serious issues associated with Li metal anode could also degrade the overall performance of the battery and even cause safety concerns. Due to the highly reactive nature of Li metal, a fragile solid electrolyte interface (SEI) layer could form on Li metal surface. And the repeated reformation and collapse of SEI layer occurs due to the considerable volume change during the Li plating/stripping cycles, resulting in the continuous consumption of electrolyte and low Coulombic efficiency (CE) of batteries. Besides, Li dendrite growth that could penetrate the separator causing an internal short-circuit and eventually leading to battery thermal runaway, is another serious issue to be solved urgently. Thus, stabilizing Li metal anode is a key step for achieving high-performance LSBs.
Various approaches such as electrolyte additives [13] [14] [15] [16] , three-dimensional (3D) host materials [17, 18] , artificial SEI protective layer [19] [20] [21] , and solid electrolyte [22, 23] have been reported to stabilize Li metal anode. Particularly, introducing a robust and conformal coating layer on Li metal surface is an important method to protect and stabilize Li metal anode for achieving high-performance lithium-metal batteries (LMBs). Coating layer of polymer [24] and inorganic materials [25] have shown promising results, however, the high interfacial resistance at the interfaces of electrolyte/coating layer and coating layer/Li anode blocked their largescale application at conditions needing high current densities [3, 26] .
Here, we report a facile and scalable efficient method of protecting Li metal anode with a conformal thin Sn coating for Li-S batteries by the thermal evaporation technique while neither the cathode nor the separator is modified. The coating layer could effectively inhibit the side reactions of Li metal with both electrolyte and polysulfide as well as accommodate the huge volume changes of Li metal anode during cycling. With the effective protective layer, the symmetric cells show good cycling performance under high current density with compact and dendrite-free Li electrodeposition. The Li-S batteries based on Sn coated Li foil anode also indicate excellent cycling stability with low capacity decay and high CE up to~99.5% for 500 cycles.
Experimental section

Fabrication of electrodes
Li anode modification was carried out in an argon-filled glove box with oxygen and H 2 O at subppm levels. Li metal was firstly polished with a sharp blade and then coated with Sn nanolayer by the thermal evaporation technique. Specifically, Sn coating was prepared at a base pressure of~2 Â 10 À3 Pa by thermal evaporation (Vigor glovebox integrated evaporator system). Li foils directly used as the substrate were fixed on a substrate holder and the temperature of the substrate holder was kept at 25 C. Sn metal was loaded in a crucible heater and the deposition rate was set at 0.5 Å s À1 . The sulfur/Ketjen black (KB) (7:3 in weight), prepared by the melt-diffusion strategy was chosen as the cathode material. Sulfur and KB was grounded and heated at 155 C for 10 h. To make the cathode electrode, 80% sulfur/KB, 10% KB, 10% PVDF was mixed in Nmethyl-2-pyrrolidone (NMP) solvent. Then the obtained homogeneously slurry was coated on carbon coated Al foil with areal sulfur loading of 1.5 mg cm À2 . The electrode film was dried in vacuum overnight at 60 C.
Characterizations and electrochemical measurement
The morphologies of samples were examined by scanning electron microscopy (SEM, JEOL 7800). The elemental maps were acquired with energy dispersive spectroscopy detector Oxford IT100. X-ray photoelectron spectroscopy (XPS) spectra were recorded with the ThermoFisher ESCA 250XI using an Al Kα (λ ¼ 0.83 nm, hυ ¼ 1486.7 eV). And the X-ray source was operated at 2 kV, 20 mA. The C 1s neutral peak at 284.8 eV was used as the reference to correct for the shift caused by surfacecharging effects. Sample transferring was accomplished in an inert sample transfer puck directly from the argon-filled glovebox to the high vacuum chamber. Li-S coin batteries (CR-2032-type) were assembled in argon-filled glove box with Celgard 2500 as the separator and 60 μL liquid electrolyte of 1 M LiTFSI in 1,3-dioxolane (DOL) and dimethoxyethane (DME) (1:1 by volume) with 1 wt% LiNO 3 . And symmertric cells were assembled in argon-filled glove box with Celgard 2325 as the separator and 60 μL liquid electrolyte of 1 M LiPF 6 in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume) or 1 M LiTFSI in DOL and DME (1:1 by volume) with 1 wt% LiNO 3 . The electrical conductivity investigated using a.c.-impedance spectroscopies were recorded by a Biologic VSP potentiostat over the frequency range of 0.10 Hz-1 MHz. The electrochemical performances of batteries were tested via LAND batteries test systems.
Simulation
The first-principles calculations are performed in Vienna ab initio simulation package (VASP) code [27] with the projector-augmented wave (PAW) potentials [28] . The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) is utilized to describe the exchange-correlation functional [29] . The recommended standard potentials are used for treating the valence electron of the 5s 2 , 5p 2 states for tin and 2s 1 state for lithium. The energy cutoff for the plane wave expansion is set to 250 eV, which has been tested to ensure a good convergence. A force convergence criterion of 0.01 eV/Å is carried out in geometry optimization, whereas the force convergence criterion of 0.03 eV/Å is applied in transition state calculations. Various transition state calculations such as the diffusion energy barriers are estimated by using the climbing-image nudged elastic band (CI-NEB) method [30] . The calculation model of Sn bulk, which contains 64 atoms, is consistent with the structure measured by XRD. During calculations, the Brillouin zone is sampled by the Monkhorst-Pack scheme with a 7 Â 7 Â 7 k-point mesh. There are two kinds of interstice in Sn bulk that one is surrounded by six Sn atoms (labeled as 6-1 and 6-2) and another is surrounded by eight Sn atoms (labeled as 8-1). It is found that 6-1 or 6-2 is more stable than 8-1 for Li interstitial in Sn bulk. Hence, a typical diffusion path of 6-1 → 8-1 → 6-2 is considered to calculate the diffusion barrier of Li interstitial in Sn bulk. In contrast, with a conformal Sn protective layer, a homogeneous and dendrite-free Li deposition could be obtained. The Sn coating layer could not only protect the Li metal from the parasitic reaction with liquid electrolyte but also facilitated the uniform Li þ flux contributed to dendrite-free Li deposition. In the plain Li-S batteries, the PS formed during the charge/discharge process could be reduced by Li metal, resulting in the loss of active materials and corrosion of Li metal anode ( Fig. 1b) . In contrast, with Sn coating as protective layer on Li metal, the obtained batteries paired with sulfur could effectively minimize the loss of cathode active material, thus demonstrating stable cycling performance with enhanced CE. Hence, protecting Li metal with the Sn coating layer is a facile and promising method to achieve high performance Li-S battery.
Results and discussion
The protective coating layer on Li foil surface in this work was prepared by the thermal evaporation technique in the argon-filled glove box. Sn was chosen for the coating material for its electrochemically reactive, low cost and high stability with lithium salt. More importance is the fast Li-ion diffusion in Sn. After the coating treatment, the Li foil surface become light blue ( Fig. S1 ). From the SEM images, it could be clearly detected that Sn homogeneously deposited throughout the entire Li metal surface ( Fig. 2a-d ) and a conformal Sn layer of~250 nm adhered to Li metal surface tightly from the cross-sectional view. Knowledge of Sn could react with Li forming LiSn alloy for their large electronegativity difference. Thus X-ray diffraction (XRD) characterization was carried out to identify the detailed chemical environment of Sn on Li foil (Fig. S2 ). Diffraction peaks at 30.6, 32.0 and 44.9 could be assigned to characteristic diffractions of metallic Sn with a tetragonal structure while peaks at 36.2, 51.9, 65.0 and 76.7 were characteristic peaks of the metallic Li. In addition, the small peak at 38.5ºcould be assigned to the characteristic diffraction peak of Li 5 Sn 2 alloy, and this result further proved the alloy reaction of Sn with Li.
Also, X-ray photoelectron spectroscopy (XPS) depth profiling of Sn 3d 5/2 was conducted to probe the surface chemistry of Li (Fig. 2e ). For the fresh sample, three peaks located at~487.5, 485.5 and 484.3 eV were detected, and the first two peaks could be assigned to the signals of oxidative Sn for its partial oxidation in the glove box. And the peak at 484.3 eV could be designated to signals of metallic Sn 0 . After sputtering, signals of oxidative Sn disappeared as expected and only the Sn 0 signal remained. To be noted that the 3d 5/2 peak of Sn 0 is actually located at 484.9 eV as shown in Fig. S3 , which is quite in accordance with the literature report [31] . And the peak downshifting to lower binding energy was actually due to the alloy process of Li with Sn forming Li 5 Sn 2 alloy [31] verified by the XRD results above. Thus, the peak at 484.3 eV could be considered as the signals of both metallic Sn and Li 5 Sn 2 in agreement with the XRD results (Fig. S3 ). And the peak intensity weakened gradually with increasing the sputtering time. At the same time, depth profiling of Li 1s was also performed (Fig. 2f) . Before sputtering, a broad peak at 57.5 eV was observed, which could be designated to signals overlap of oxidative Li, Li metal and Li 5 Sn 2 alloy. Upon sputtering, this peak shifted to lower binding energy with the oxidative Li etching away. Further sputtering, the peak position kept at~56.3 eV and this peak could be ascribed to the Li 1s signal of Li 5 Sn 2 alloy. And, metallic Li peak at~55 eV appeared [18, 32] and enhanced gradually with increasing sputtering time, implying that coating layer was gradually removed and the underneath Li metal was exposed.
The Li plating/stripping galvanostatic cycling tests of bare Li and Sn coated Li electrodes were carried out under different current densities with a fixed areal capacity of 1 mAh cm À2 in ether based electrolytes. (Fig. 3) . The cells with Sn coated Li electrode displayed much lower voltage hysteresis and longer stable cycling life than the corresponding cells with bare Li under different current densities of 1-3 mA cm À2 . At higher current densities (5 and 10 mA cm À2 ), obvious voltage fluctuations phenomenon could be detected during Li deposition/dissolution processes for the cells with bare Li metal. In contrast, the Sn coated Li showed more stable cycling performance for their stable SEI layer and uniform Li deposition. To be noted that, the cells with bare Li foil easily get shortcircuited at high current density (5 and 10 mA cm À2 ) due to the Li dendrite growth and propagation, while the Sn-passivated Li showed more stable and longer cycling life. The morphologies of Li deposition on Sn coated Li foil and bare Li foil after 10 cycles at a current density of 1 mA cm À2 with a plating/stripping capacity of 1 mAh cm À2 were characterized by SEM technique. As shown in Fig. 3e , the surface of bare Li foil showed a typical tortuous dendritic Li deposition. The dendrites with high-surface-area can promote SEI forming and decomposition reactions leading to the quick invalidity of the battery. In contrast, the Li deposition on Sn coated Li foil exhibited a smooth, dense and dendrite-free structure (Fig. 3f) .
Moreover, galvanostatic Li plating/stripping cycling of symmetric cells in carbonate electrolyte was also investigated systematically. Fig. S4 showed the electrochemical performance of symmetric batteries with EC/DEC electrolyte. Batteries with Sn coated Li electrode displayed much lower voltage polarizations at different current densities of 1-5 mA cm À2 with voltage hysteresis of~30, 80 and 300 mV at 1, 3 and 5 mA cm À2 , respectively. The voltage hysteresis is defined as the difference between the Li plating and stripping voltage [19] . It can be seen that the voltage hysteresis gradually aggravated with prolonged cycling time for batteries with bare Li electrode at current densities of 1 and 3 mA cm À2 while those with Sn coated Li foil could stably cycling for longer time, which may be ascribed to the growth of highly resistive SEI layer on Li foil surface without protective layer and the successive consumption of electrolyte invoked by the accumulation of Li dendrite growth. Specifically, symmetric batteries with Sn coated Li foil could cycle stably for 400 cycles at 1 mA cm À2 (Fig. S4a ) compared with those with bare Li shorted after~200 cycles. Further increasing current density to 5 mA cm À2 , obvious voltage fluctuations during Li deposition/dissolution processes could be observed for the symmetric batteries with bare Li electrode and shorted quickly while the batteries with Sn coated Li electrode still could stably cycled for longer life with much lower voltage hysteresis. The electrochemical impendence spectroscopy (EIS) could reflect the information of charge transport at electrode/electrolyte interface. Fig. S4d displays the EIS curves of the fresh symmetric cells in the alkyl carbonate electrolyte with bare Li and Sn coated Li electrode. The semicircle at the high frequency could be assigned as the interfacial transport resistance (R SEI ) of the passivation layer on Li metal surface. Surprisingly, the interfacial resistance ascribed to resistive SEI layer on Li foil surface spontaneously formed for Li reacting with electrolyte could hinder the Li þ transport decreased from 590 to 430 Ω with the Sn coating layer, indicating improved charge transport kinetics, in good accordance with the literature report [33] . It reveals that the Sn coating layer could protect the Li foil from reacting with electrolyte, inhibiting the undesirable SEI formation and thus facilitating the Li þ transport.
Another key factor guaranteeing the high performance of the cells is that Li þ could diffuse fast in Sn, which is further testified by theoretical simulation of Li þ interstitial migration in Sn with the first-principles calculations (Fig. 4a-b ). The calculated migration energy barrier is as low as 0.3 eV, indicating it is quite easy for Li þ diffusion in Sn, thus facilitating the fast Li þ transport at the electrode/electrolyte interface. And the theoretical calculation results are consistent with the EIS results. Thus, the improved electrochemical performance of Sn coated Li metal is due to the homogeneous Li þ flux, the effective suppression effect and the fast Li þ transport at the electrode/electrolyte with the conformal Sn coating.
Moreover, the cycling performances of Li deposition/dissolution on Cu foil with and without Sn coating layer were also tested. The CE is calculated by the stripping capacity over the deposition capacity during the same cycle [34] and the CE comparison at different current densities were shown in Fig. S5 . The cells with Sn modified Cu foil showed improved first-cycle CE (from 90.8 on bare Cu to 96.3%) and stable Li deposition/dissolution behavior with CE still maintaining at~96.5% over 140 cycles at a current density of 1 mA cm À2 with a capacity of 1 mAh cm À2 . In contrast, the cells using bare Cu foil showed rapid reduced CE after only 50 cycles. Even with a high current density of 3 mA cm À2 , a high average CE of~92.8% could still be obtained in sharp contrast to seriously fluctuated and much lower CE for bare Cu foil. The results above further indicated Sn coating could enable improved electrochemical cycling of Li metal by minimizing the parasitic side reaction with electrolyte and promoting the uniform Li deposition.
The electrochemical property of Sn coated Li foil was further investigated with sulfur as the working electrode (Fig. 5) . The cyclic voltammetry (CV) of the Li-S batteries with Sn coated Li anode at a scan rate of 0.1 mV s À1 (Fig. S6 ). It is a typical CV curve similar to the plain Li-S battery, showing two reduction peaks at 2.3 and 2.05 V for the reduction of S 8 to long chain PSs Li 2 S n (8 ! n ! 4) and further reduction to insoluble Li 2 S 2 /Li 2 S. The two oxidation peaks centered at~2.4 and~2.5 V could be observed for the first cycle, which could be attributed to the oxidation of Li 2 S 2 /Li 2 S to Li 2 S n (n > 2) and the subsequent oxidation to S 8 . And in the second cycle scanning, the two anodic peaks are merged into one peak centered at 2.35 V, which could be ascribed to the activation of sulfur cathode [35] . The batteries with Sn coated Li anode demonstrated a better rate capability with average specific capacities of 1423.7, 1247.8, 1091.5 and 997.6 mAh g À1 at 0.2, 0.5, 1 and 2 C, in contrast to the specific capacities of 1039.1, 927.4, 794.1 and 642.0 mAh g À1 (Fig. 5a ) for the plain Li-S batteries. The excellent rate performance of batteries with Sn coated Li could be ascribed to the fast Li þ diffusion in Sn coating layer and the electrode/electrolyte interfacial transport.
The cycling performance of Li-S batteries cycled at 0.5 C shown in Fig. 5e , indicates that with Sn coated Li anode, the batteries exhibited a more stable cycling performance with slower capacity decay compared with those with bare Li foil. And CE maintained almost 100% during 150 cycles. Moreover, the long-term cycling performance of Li-S batteries at 2 C with Sn coated Li anode was also investigated (Fig. 5f ). Before the long time cycling test, batteries were first activation at 0.2 C for two cycles and a high initial capacity of 1470 mAh g À1 could be achieved corresponded to a high utilization of sulfur of 87.7%. The batteries showed excellent cycling stability with CE as high as~99% and still could retain a specific capacity of 672.1 mAh g À1 after 500 cycles, 0.06% per cycle decade. The stable cycling performance of Sn coated Li-S batteries could be attributed to the effective minimization of cathode active material loss resulted from the reduction by Li metal anode, suppression of lithium dendrite growth and the fast interfacial Li þ transport. And different thicknesses of Sn coating (~150, 250 and 500 nm) were also tested to correlate the coating thickness with the battery performance ( Fig. S7 ). When the thickness of Sn coating was 150 nm, the capacity retention rate of Li-S batteries was~76.6% at 2 C. And increasing the Sn coating to 250 nm, a higher cell cycling stability could be achieved with a high capacity retention rate of 87.1%. However, no obvious improvement in the cells cycling stability could be observed with further increasing the Sn coating thickness to 500 nm. To be noted that, too thick coating layer will weaken its own conformal property on Li metal surface. Thus, we believe 250 nm is the best coating thickness.
The evolution of EIS of Li-S batteries with and without Sn coating upon cycling was analyzed (Fig. 5d ). The intersection with the real axis is corresponding to the sum of the electrolyte resistance and other ohmic contributions (R b ) and the semicircle at high frequencies is associated with the passivation layer impedance on Li metal and sulfur cathode surface (R SEI ). For the semicircle located at low frequencies, it is attributed to the charge transfer resistance (R ct ) and the double layer capacitance at the electrolyte/electrode interface. And the slope at the low frequency is the Warburg diffusion contributed impedance response (Warburg impedence Z w ) [36] . After 500 cycles at 2 C, the total resistance of the batteries using Sn coated Li anode almost remained unchanged, implying the robust and stable SEI layer with the coating and the effective minimization of the parasitic side reaction of Li metal with electrolyte. While, significant increase both in the R SEI and R ct was observed for the plain Li-S batteries due to the accumulated insulating solid Li 2 S 2 /Li 2 S layer on Li metal surface [37, 38] and the recurring collapse/formation of the fragile SEI layer.
Conclusions
In summary, we demonstrate an effective method of protecting Li metal anode with a thin Sn layer coating. The coating layer could not only protect Li anode from the parasitic reactions but also enable the fast Li þ interfacial transfer kinetics at electrode/electrolyte surface, the uniform Li þ flux and the homogeneous Li deposition. The symmetric cells with Sn coated Li foil demonstrated excellent cycling performance with lower voltage polarization and dendrite-free Li electrodeposition. Moreover, the improved electrochemical performance of Sn-coated Li metal was further verified in the cells paired with sulfur as working electrode. The Li-S batteries demonstrated excellent cycling stability with slow capacity decay and high CE of~99.5% at 2 C over 500 cycles. This work demonstrated a promising method to deal with the formidable issues of Li metal anode for developing high-performance LMBs.
